A crude polysaccharide extract of Dendrobium aphyllum (cDAP, yield 38.15 AE 0.20%) was generated. The D. aphyllum polysaccharide (DAP, M w 471.586 kDa), purified by DEAE-Sepharose and Sephadex-G200 Fast Flow, was composed of mannose (71.3%) and glucose (28.7%), according to GC-MS analysis. Its backbone was composed of b-D-mannopyranose and b-D-glucopyranose residues, as revealed by infrared spectroscopic analysis. Its glycosidic bond was mainly 1, 4-linked, and the O-acetyl groups were mainly linked to mannose residues, according to periodate oxidation and Smith degradation analysis. The DAP units polymerised into a filiform-shaped spatial pattern, as characterised by atomic force microscopy and scanning electron microscopy. DAP treatment enhanced cytokine secretion (nitric oxide, interleukin-6 and tumour necrosis factor-a) and pinocytic and phagocytic capacities of RAW 264.7 mouse macrophages. The complement receptor 3 and mannose receptor were identified to be the receptors of DAP on RAW 264.7 cells, indicating that the Akt/mTOR/MAPK and IKK/nuclear factor-KB pathways could be involved in DAP-activated immunomodulation.
Introduction
As the second largest genera of the Orchidaceae family, Dendrobium genus is widely distributed throughout Asia, Europe and Australia. In China, there are more than seventy-eight species and two varieties, some of which show bioactivities such as immunomodulatory properties, antitumour activity and antioxidative activity (Xing et al., 2013; Meng et al., 2017) . People have increased their daily consumption of edible Dendrobium as a functional food in tea or soups to improve their body health. In the current market, the most popular edible Dendrobium orchids, which improve functional bioactivities, are Dendrobium officinale and Dendrobium huoshanense. However, their weak reproductive ability and high cultivation standards increase the cost of Dendrobium products (Xing et al., 2013) . Dendrobium aphyllum (Roxb.) C.E.C.Fisch is mainly found in China, India, Nepal, Bhutan, Sikkim, Malaysia, Myanmar, Laos and Vietnam. With the advantages of strong adaptability, easier artificial planting and high resistance to various pests and diseases, D. aphyllum is much less expensive than the Dendrobium products described above. Although these advantages indicate the economic benefits of D. aphyllum, only few studies have examined this species in detail.
Polysaccharides, natural polymers involved in numerous processes, are the major active components in Dendrobium orchids (Fan et al., 2009; Wang et al., 2010) . There are many advantageous properties of polysaccharides, including nontoxicity, lack of side effects, improvement of immunity and antitumour, antidiabetic, hypolipidemic and antioxidant properties Yao et al., 2017) . As polysaccharides are safe as functional food sources and have become more popular in recent years, it is important to conduct a value-oriented inquiry about D. aphyllum polysaccharides (Gao et al., 2017; Wee et al., 2017) .
Macrophages play a significant role in the human immune system, acting during the initial immune responses, in both proinflammatory and anti-inflammatory phases (Zhang et al., 2016) . Two pathways are mainly involved in the immune response by macrophages: killing the pathogens and tumour cells directly by pinocytosis and phagocytosis, and releasing cytokines such as nitric oxide (NO), interleukin (IL)-1, IL-6, IL-8 and tumour necrosis factor (TNF-a) to affect oxygen-dependent and oxygen-independent pathways (Xu et al., 2014) . Therefore, macrophages form a useful cell model for analysing the immune bioactivity of D. aphyllum polysaccharides.
To explore the commercial value of D. aphyllum in this study, a polysaccharide named DAP was isolated, purified and the detailed structure was characterised from the stem of D. aphyllum. We evaluated its immunological effects, including cytokine secretion levels as well as pinocytic and phagocytic capacities, in the macrophage cell line RAW 264.7. The DAP-stimulated intracellular immune pathway was also investigated.
Materials and methods

Chemicals and samples
Fresh samples of D. aphyllum (1 kg) were collected from the GAP farm located in Xishuangbanna, Yunnan province, China. These samples were authenticated by experts from the Department of Life Sciences, South China Agricultural University.
Ultrapure water was produced by a Milli-Q system (Millipore, Billerica, MA, USA). DEAE-Sephadex Fast The total starch assay (100A) kit was obtained from MII Limited (Wicklow, Ireland). RAW 264.7 cells were procured from the Type Culture Collection of the Chinese Academy of Sciences (Shanghai, China). Dulbecco's modified Eagle's medium (DMEM), foetal bovine serum, streptomycin and penicillin were from Life Technologies (Carlsbad, CA, USA). Lipopolysaccharide (LPS) was obtained from Sigma. Griess reagent was purchased from Sigma-Aldrich. Mouse TNF-a-and IL-6-detecting enzyme-linked immunosorbent assay (ELISA) kits were from R&D Systems (Minneapolis, MN, USA). Tachypleus Amebocyte Lysate for Endotoxin Detection kit was obtained from Chinese Horseshoe Crab Reagent Manufactory Co., Ltd, Xiamen, China. Antiscavenger receptor I (anti-SR), antimannose receptor (anti-MR), antibeta glucan receptor (anti-GR), anti-Toll-like receptor 2 (anti-TLR2), anticomplement receptor 3 (anti-CR3) and anti-Toll-like receptor 4 antibodies (anti-TLR4) were obtained from Abcam (Cambridge, UK). All other chemicals and reagents used were of the highest analytical grade commercially available.
Extraction and purification of polysaccharides isolated from D. aphyllum Fresh D. aphyllum samples (1 kg) were washed thrice carefully in running water. After drying the fresh stems (480 g) in an oven at 60°C for five days, the dried stems (130 g) of D. aphyllum were crushed into a powder with a tissue triturator and passed through a 60-mesh screen. The collected sample powder (10 g) was decolorised, and water-soluble impurities were removed with 200 mL 80% ethanol by rotating distillation for 4 h. The sample was then washed individually with 100 mL 95% ethanol, 100 mL anhydrous ethanol and 50 mL anhydrous acetone, by suction filtration with double filter papers. The sample was treated four times with 700 mL ultrapure water (1:70, w/v) at 85°C for 4.5 h in a water bath according to singlefactor experiments and an orthogonal array test. Each extract obtained was centrifuged at 1000 g for 15 min, and the supernatant was collected and concentrated under reduced pressure at 55°C in a rotary evaporator. The Sevag method (Quan et al., 2007) was used to deproteinise the extract, and this process was repeated four times. The protein-free solution was then concentrated and precipitated by adding two volumes of 95% ethanol at 4°C overnight. After centrifugation at 1000 g for 15 min, dialysis (MW cut off 3500 Da) was conducted against ultrapure water, exchanged every 3 h until the ionic concentration of dialysate was equal to that of ultrapure water. Eventually, the crude DAP (cDAP) was obtained by lyophilisation.
A sample of 3.81 g cDAP was dissolved in 381 mL ultrapure water, and 10 mL of this sample solution was loaded onto a DEAE-Sepharose Fast Flow chromatography column (1.6 9 35 cm) at a flow rate of 1 mL min À1 and then eluted with 0, 0.05, 0.1, 0.2, 0.3, 0.4, 0.5 and 1 M NaCl. Eluents were analysed by the phenol-sulphuric acid method (Masuko et al., 2005) , and the DAPa fraction, eluted with ultrapure water, was then concentrated, dialysed and lyophilised as discussed above. A sample of 1.95 g DAP a was dissolved in 1.3 L ultrapure water, and 1 mL of this sample was loaded onto a Sephadex G-200 chromatography column (1.6 9 60 cm). DAP a was washed with 300 mL ultrapure water at a 1 mL min À1 flow rate for a total of 300 min. Following elution and lyophilisation similar to the above method, a total of 1.376 g DAP fraction was obtained.
Structure analysis of DAP
Molecular weight determination For sample preparation, 2.5 mg DAP was dissolved in 1 mL KH 2 PO 4 (0.02 M) and filtered through 0.22-lm microporous filters. High-performance gel permeation chromatography (HPGPC) was conducted to determine the weight-average molecular weight (M w ) of DAP. An HPLC system (Waters Corporation, Milford, MA, USA), serially linked with two types of gel columns (TSK-G5000 PWXL column; 7.8 9 300 mm, inner diameter 10 lm and TSK G-3000 PWXL column; 7.8 9 300 mm, inner diameter 6 lm), was used, and samples were eluted with 0.02 M KH 2 PO 4 and detected with a Waters 2414 differential refractive index detector at a fast rate of 0.6 mL min À1 and column temperature of 35°C. Ten microlitres of the sample was injected, and chromatography was conducted for 45 min. Dextran standards with different molecular weights (M w 5.2 9 10 3 , 1.16 9 10 5 , 2.38 9 10 4 , 4.86 9 10 4 , 1.48 9 10 5 , 2.73 9 10 5 , 4.1 9 10 5 and 6.68 9 10 5 Da) were used for data analysis.
Chemical components and monosaccharide composition
A total starch assay kit was used to characterise total starch in all the samples. The phenol-sulphuric acid assay, with glucose as a standard, was used to determine the total sugar content, and the modified carbazole and sulphuric acid method, with D-glucuronic acid as the standard, was used to determine the uronic acid content (Masuko et al., 2005; Westwood et al., 2011) . Folin phenol reagent was used to determine the protein content with bovine serum albumin as the standard (Luo, 2005) . The O-acetyl content was determined by phenolphthalein endpoint titration (Wei et al., 2016) . A total of 10 mg DAP was dissolved in 4 mL trifluoroacetic acid (2 M), followed by hydrolysis for 5 h at 110°C. Alditol acetates were obtained by adding 1 mg myoinositol, 10 mg hydroxylamine hydrochloride, 1 mL pyridine and 1 mL acetic anhydride. After preparation of eight monosaccharides (L-rhamnose, D-ribose, L-(+)-arabinose, D-(+)-xylose, D-mannose, D-(+)-glucose and D-fructose), single and mixed standards and the internal reference myoinositol, 1-lL samples were analysed by gas chromatography (GC) (7890B, Agilent, Santa Clara, CA) with a DB-170 chromatographic column (30 mm 9 0.53 mm 9 0.25 lm). The temperature was first increased from 100 to 230°C at 10°C min
À1
, then from 230 to 250°C at 50°C min À1 and held for 1 min. A flame ionisation detector was used with parameters of 230°C at 300 mL min À1 for air rate, 30 mL min À1 for hydrogen rate and 5 mL min À1 for nitrogen rate.
Determination of triple-helix structure Congo red was used to validate whether DAP has a triple-helix structure, as described by Lee et al., by the shift of the maximum absorption wavelength (Lee et al., 2009) . Briefly, 0.05, 0.1, 0.15, 0.2, 0.3 and 0.4 M solutions, mixed with DAP, Congo red and sodium hydroxide, were analysed with an ultraviolet (UV) spectrophotometer (Cary 50 UV-Vis, Varian, Palo Alto, CA, USA).
Ultraviolet (UV) spectrum analysis
A total of 0.15 mg cDAP and DAP were dissolved in 10 mL ultrapure water and scanned by UV spectrophotometry from wavelengths of 800-200 nm.
Scanning electron microscopy (SEM) analysis Before scanning electron microscopy (SEM) (model 1530VP, LEO, Oberkochen, Germany), the SEM-DAP sample was prepared as described by Liao et al., and an EX-250 system (S-3799N, Horiba Ltd., Kyoto, Japan) was used to examine the elemental composition of DAP (Liao et al., 2015a) .
Atomic force microscopy (AFM) analysis Atomic force microscopy (AFM) (Veeco, Santa Barbara, CA, USA) was conducted in tapping mode, and data were analysed using NanoScope Analysis Software (Bruker, Billerica, MA, USA). The AFM-DAP sample (10 lg mL À1 ) was spread onto a mica plate and dried with nitrogen. Data processing was performed with SiN 4 as the scanning probe material, 235 lm long with an elasticity of 98 N m À1 at 28°C.
Infrared spectroscopic analysis of polysaccharides A total of 3 mg anhydrous DAP was analysed by the potassium bromide pellet method with a Fourier transform infrared (FTIR) spectrophotometer (Bruker) at wavelengths of 4000-400 cm À1 (Seedevi et al., 2015) .
Periodate oxidation-smith degradation analysis A total of 25 mg DAP was dissolved in 15 mM NaIO 4 and incubated in the dark at 28°C, pH 3-5. Every 6 h, 100 lL of sample solution, diluted 25-fold, was detected until the absorbance value, recorded with a UV-visible spectrophotometer (model UV-1800, Shimadzu, Kyoto, Japan), remained stable at 233 nm. Consumption of NaIO 4 was analysed based on the NaIO 4 standard curve. Formic acid production was estimated by titration with 0.01 M NaOH using phenolphthalein as an indicator. The remaining solution was dialysed for 3 days at 4°C and concentrated to 10 mL. After adding 70 mg sodium borohydride and incubating for 12 h in the dark to destroy the furfural, the solution was neutralised with 50% acetic acid to pH 6-7 and subsequently dialysed at 4°C for an additional day. Following hydrolysis with 4 mL of 2 M trifluoroacetic acid at 110°C for 5 h, the polyalcohol was analysed by gas chromatography with a DB-FFAP chromatographic column (30 mm 9 0.53 mm 9 0.25 lm) at 60°C for 2 min, followed by 250°C at a rate of 10°C min À1 , maintained for 23 min. A flame ionisation detector at 230°C was used with a 300 mL min À1 airflow rate and 5 mL min À1 nitrogen rate. Glucitol, mannitol, frucitol, glycol, glycerol and erythritol were used as standards.
Determination of immunomodulatory effects
Endotoxin determination of DAP A Tachypleus Amebocyte Lysate for Endotoxin Detection kit was used to determine the endotoxin content of DAP (1000 lg mL À1 ) and LPS (0.01 lg mL À1 ).
Cell culture
The murine macrophage cell line RAW 264.7 was incubated in a humidified atmosphere with 5% CO 2 at 37°C. The DMEM high-glucose medium (ILT, Carlsbad, CA, USA) contained 10% heat-inactivated foetal bovine serum, 100 lg mL À1 streptomycin and 100 U mL À1 penicillin.
Cell viability assay RAW 264.7 cells (1 9 10 6 cells mL À1 ) were incubated for 24 h and treated with 62.5, 125, 250, 500 and 1000 lg mL À1 DAP for another 24 h. An equal volume of medium was used as controls. After removing the cell supernatants, an MTT assay was used to determine cell viability (Li et al., 2015; Zhang et al., 2016) .
ELISA for quantitative analysis of cytokines RAW 264.7 cells at a concentration of 1 9 10 6 cells mL À1 were placed in 96-well plates. After culturing for 24 h, various concentrations (62.5, 125, 250, 500, 1000 lg mL À1 ) of DAP were added to each well. LPS (20 lg mL À1 ) was used as positive control, and an equal volume of medium was used as negative control. After an additional 24 h of culture, the cell supernatants (1000 g, 10 min) were obtained to measure NO, IL-6 and TNF-a using Griess reagent and ELISA kits.
Effect of DAP on pinocytic and phagocytic capacity of RAW 264.7 cells RAW 264.7 cells, at a concentration of 1 9 10 6 cells mL À1 , were added to a 96-well plate and incubated for 24 h. Different concentrations (62.5, 125, 250, 500, 1000 lg mL À1 ) of DAP were added to the cells followed by another 24-h culture; a sample without DAP medium was used as a negative control. Next, the medium was carefully removed, and 100 lL PBS was added to dissolve the 0.1% neutral red in each well and wash the cells for another 1 h. After three washes, each well was treated with 100 lL of 1% acetic acid solution (v/v) in 50% ethanol (v/v) and cultured statically overnight. The results were analysed by measuring absorption at 540 nm on a microplate reader (Biotek, Winooski, VT, USA).
RAW 264.7 cells, at a concentration of 1 9 10 6 cells mL À1 , were added to a 6-well plate and incubated for 24 h. Different concentrations (62.5, 500, 1000 lg mL À1 ) of DAP were used to treat the cells for 6 h, with 20 lg mL À1 of LPS used as a positive control and an equal volume of medium used as a negative control. A solution of fluorescein isothiocyanate-labelled Escherichia coli was added and incubated for an additional 2 h. Next, the bioparticle loading suspension was removed carefully, and 100 lL trypan blue was added. Following incubation at room temperature for 1 min, the trypan blue suspension was removed immediately. The images of RAW 264.7 cells were captured by a fluorescence microscope (ECLIPSE 50i, Nikon, Tokyo, Japan).
Determination of the DAP receptor
Six antibodies to membrane receptors (5 lg mL À1 ), such as anti-SR, anti-MR, anti-GR, anti-CR3, anti-TLR2 and anti-TLR4, were prepared and added to cells. After 2 h of treatment, the medium was carefully removed, and 100 lL DAP (500 lg mL À1 ) was added. After an additional 24 h of culture, the cell supernatants (centrifuged at 1000 g, 10 min) were obtained to measure NO, IL-6 and TNF-a using Griess reagent and ELISA kits. The groups treated with DAP (500 lg mL À1 ) alone and medium alone were used as positive and negative controls, respectively.
Statistical analysis
Data are expressed as the mean AE standard deviation (SD) of three replicates. Significant differences between the means of different parameters were calculated by Duncan's multiple-range test using SPSS 17.0 software (SPSS Inc., Chicago, IL, USA). P < 0.05 was considered to indicate statistical significance.
Results and discussion
Isolation and purification of DAP from D. aphyllum
Based on single-factor experiments and the orthogonal array test (results not shown), the number of extraction repeats was the most significant factor affecting the extraction efficiency of DAP, and the optimal conditions for maximal extraction were determined to be 4.5 h at 85°C for four times with a w/v of 1:70. Under the above conditions, the yield of cDAP was 37.95%. Through verification tests, the yield of cDAP improved to 38.15 AE 0.20%. According to Fig. 1a , DAP a eluted in ultrapure water was the highest content of polysaccharides in all the independent fractions; therefore, in our study, DAP a was further purified using a Sephadex G-200 column. The results are shown in Fig. 1b ; only one symmetric peak was observed, indicating that the major polysaccharide in DAP a was DAP.
Characterisation of DAP
UV spectrum
The presence of proteins and nucleotides may affect the succeeding immune-activity determinations; therefore, ultraviolet full-band scanning was used to eliminate interruptions. As shown in Fig. 1c , the absorbance spectrum of cDAP showed slight peaks at 280 nm, indicating some protein contamination. Nonsignificant peaks at 260 nm showed that nucleotides were not present in detectable limits in cDAP. However, there were no significant peaks corresponding to these wavelengths in DAP, indicating the high purity of DAP.
Triple-helix structure determination The peak of maximum absorption around 480-508 nm was clearly shifted, as shown in Fig. 1d , indicating the successful formation of a Congo red-DAP complex. However, there was no bathochromic shift with increasing concentration of NaOH, suggesting that DAP did not have a triple-helix structure (Zhang et al., 2016) .
Chemical components and monosaccharide composition According to Table 1 , a total of five ingredients were analysed. Total starch was beyond detection, and protein content was low in cDAP and DAP a , indicating highly pure fractions isolated. The low concentration of total uronic acid in DAP may lead to a low or nonexistent antioxidant activity in vitro (Theander et al., 1995) . The O-acetyl group in DAP may affect acetylation activity through the action of specific enzymes or proteins in vivo (Wei et al., 2016) . The GC-MS analysis of seven standard monosaccharides is shown in Fig. 2a . Based on the retention time and relative percentage of each sugar, as shown in Fig. 2b , the monosaccharides present in DAP were identified as mannose and glucose at a molar ratio of 2.48:1. The species of monosaccharides present in a polysaccharide dictates the bioactivities and related properties. In terms of pathogen-associated molecular patterns, mannose can trigger complement receptor 3 antibody, a pattern recognition receptor on macrophages, to recognise and stimulate the corresponding immune pathway (Liao et al., 2015a) .
Molecular weight analysis
Shown as a single peak in Fig. 2c , DAP was examined by HPGPC analysis, and its weight-average molecular weight was determined to be 471.586 kDa from the standard curve.
Periodate oxidation and smith degradation
In general, 1 mol of hexose residue consumes 0.41 mmol of periodate and produces nonformic acid, indicating one or more (1?2), (1?2, 6), (1?4), or
(1?4, 6)-linkages on Man glycosidic bonds in DAP (Jiang et al., 2016) . However, based on the Smith degradation results (Fig. 2d) , only erythritol was produced after sodium borohydride reduction, indicating the presence of only (1?4)-linkages in the glycosidic bonds in DAP (Jiang et al., 2016; Zhang et al., 2016) . A low number of mannitol were obtained, therefore implying that the O-acetyl groups are mainly linked to specific mannose residues (Jiang et al., 2016) .
SEM and AFM analyses
Based on the SEM images shown in Fig. 3a , DAP units formed filiform-shaped chains with uneven diameters at the ends, generating a rod-like structure. The irregular chains intertwined randomly in space to form the structure. When this specific filiform-shaped surface was enlarged and elementally analysed (Fig. 3b) , only two elements, carbon (wt %: 58.1%) and oxygen (wt %: 41.99%), were detected, indicating that the major structure of DAP was highly pure without any metal ions or other chemical contaminants.
In general, the diameter of a single-chain polysaccharide is 0.1-1 nm, which is much lower than the sensitivity of AFM. Therefore, the irregular spherical shapes visualised in AFM images (Fig. 3c-d) were polymers of single polysaccharide chains, caused by the presence of uronic acid and hydroxyl groups. The negative charge of uronic acid repelled the negative charge on mica, causing the polysaccharides to cluster together (Marszalek et al., 2002; Henriksen et al., 2004) . Additionally, the Van Edward force from the intermolecular and hydrogen-bonding interactions between glycosidic bonds caused the globoid to form irregular structures (Marszalek et al., 1999) .
Infrared spectroscopic analysis
As seen in Fig. 4a , most of the absorption bands could be assigned in accordance with the previous literature (Xing et al., 2015; Wei et al., 2016) . There was a strong signal at 3423 cm À1 , indicating the vibration of O-H bonds in water and polysaccharides (Sun et al., 2013; Zhang et al., 2016) . Peaks at 2923 cm À1 and 2890 cm À1 were from the C-H stretching vibration of methyl groups (Ji et al., 2011) . Absorption peaks at 1646 cm À1 , 1416 cm À1 , 1732 cm
À1
, 1379 cm À1 and 1249 cm À1 were stretching vibrations of C = O, C = C and C = O with O-acetyl groups, C-H with O-acetyl groups and C-O with O-acetyl groups, respectively (Buriti et al., 2014) . The peaks ranging from 1149 cm À1 to 956 cm À1 were for C-O-C and C-O-H bonds, respectively, indicating the presence of pyranose rings, particularly at 956 cm À1 , meaning that the fractions mainly contained b-type glycosidic linkages on the methyl groups (Albuquerque et al., 2014) . The absorption peaks at 876 cm À1 and 811 cm À1 indicated the presence of D-glucose and D-mannose, respectively (Albuquerque et al., 2014) .
Immunomodulatory effects on RAW 264.7 Cells
Endotoxin content analysis There was 1.480 AE 0.008 EU mL À1 of endotoxin in 0.01 lg mL À1 LPS, but not detectable in 1000 g mL À1 DAP, implicating the absence of endotoxin in DAP.
Endotoxin is the component of gram-negative bacterial cell wall that can monitor the immune response for any organic body; it was reported that endotoxin, below 1.5 EU mL À1 , was unable to induce the generation of cytokines (Chang et al., 2007) . Therefore, we could infer that the immunomodulatory effects of DAP on RAW 264.7 cells resulted from DAP itself, not from endotoxin.
Effect of DAP on RAW 264.7 cell proliferation Based on the MTT assay results (Table 2) , none of the concentrations (62.5, 125, 250, 500, 1000 lg mL À1 ) of DAP showed any toxic effect on RAW 264.7 cells, because of only mild effects on cell viability, suggesting that DAP concentrations below 1000 lg mL À1 could be used for further analysis (Liao et al., 2015b) .
Effect of DAP on cytokine production in RAW 264.7 cells NO, IL-6 and TNF-a were detected as macrophage activation signals (Xu et al., 2014) . The control group was used to determine the basal levels of NO, IL-6 and TNF-a; the levels of these molecules showed remarkable dose-dependent increase upon DAP treatment (Table 2) , hence suggesting that D. aphyllum can enhance immunomodulatory effects by increasing cytokine secretion levels. Higher molecular weight, a critical parameter in the antigenicity of a molecule, results in more efficient immune activation by DAP because of its complicated spatial structure (Schepetkin & Quinn, 2006 capabilities. The optimal concentration of D. aphyllum that improved the pinocytosis of RAW 264.7 cells was 125 lg mL À1 in which the pinocytosis rate (124.2 AE 3.37%) was significantly higher than the others. At higher concentrations, such as 1000 lg mL À1 of DAP, the pinocytic rate (103.15 AE 2.59%) was generally equal to that of the negative control (101.15 AE 2.57%), possibly because the high concentration of DAP restrained pinocytosis on RAW 264.7 cells by decreasing its relative enzyme activities (Antonio & Alberto, 2012; Mills, 2012) .
Regarding phagocytosis, the fluorescence intensity of labelled-RAW 264.7 cells showed a positive correlation with DAP concentration, when compared to the controls (as shown in Supplementary Information), indicating that D. aphyllum could enhance the phagocytic capability of RAW 264.7 cells in a dose-dependent manner (Antonio & Alberto, 2012; Zhang et al., 2016) .
Effect of DAP on membrane receptors
Immune responses of RAW 264.7 cells are stimulated mainly through pattern recognition receptors (PRRs) that discriminate pathogen-associated molecular patterns. Polysaccharides are biomacromolecules that mainly bind PRRs to stimulate specific intracellular pathways and activate immune-related gene transcription and cytokine expression. Scavenger receptor (SR), mannose receptor (MR), beta glucan receptor (GR), Toll-like 2 (TLR2), complement receptor 3 (CR3) and Toll-like 4 receptor (TLR4) are the main PRRs for polysaccharide binding (Zhang et al., 2016) . To investigate the mechanism of DAP-stimulated immune responses, the present study evaluated the PRRs of DAP following treatment with anti-SR, anti-MR, anti-GR, anti-TLR2, anti-CR3 and anti-TLR4. As shown in Table 3 , anti-CR3 and anti-MR significantly decreased NO, IL-6 and TNF-a secretion compared to those treated with 250 lg mL À1 DAP, indicating that the PRRs of DAP on RAW 264.7 cells were CR3 and MR (Liao et al., 2015b) . As only six PRRs were investigated in this study, further studies are necessary to identify the other possible receptors.
Two pathways, including MR and CR3 activation, were mainly stimulated by DAP on RAW 264.7 cells. Both MR and CR3 can improve endocytosis and phagocytosis in macrophages. The immune pathway of MR occurs mainly through nuclear factor-KB, which can then induce the secretion of cytokines and inducible nitric oxide synthase (Zhang et al., 2016) . CR3, by stimulating PI3K, can phosphorylate Akt and mTOR, which then activate mitogen-activated protein kinase and nuclear factor-KB (Thornton et al., 1996) . The possible molecular mechanism of DAP-induced macrophage immunomodulation is shown in details in Fig. 4b .
Conclusion
In this study, DAP polysaccharides were isolated and purified from the stem of D. aphyllum. DAP consisted of mannose and glucose; backbone made of b-D-mannopyranose and b-D-glucopyranose residues. The aforementioned specific structural aspects, especially the high molecular weight and its monosaccharide composition, lead to satisfactory immunomodulatory effects on RAW 264.7. The membrane receptors of DAP on RAW264.7 cells were confirmed to be CR3 and MR. The Akt/mTOR/MAPK and IKK/nuclear factor-KB pathways, induced by the two receptors, were thought to be involved in the immunomodulatory function of DAP. This research may provide an important base for further studies of Dendrobium aphyllum in the future.
